The genus Thiomicrospira (Tms) ( [1] ; Approved Lists, 1980) falls within the family Piscirickettsiaceae in the order Thiorichales of the class Gammaproteobacteria. It was circumscribed originally by Kuenen and Veldkamp [1] on the basis of one isolate (Tms. pelophilaa sulfur-oxidizing obligate chemolithoautotroph), which had unique properties versus Thiobacillus (T) spp, thinner, spiral or comma-shaped cells and a very high tolerance of sulfide versus T. thioparus, and could be isolated by passing samples through a 0.22 µm filter (Tms. pelophila 0.2-0.3 µm diameter). There are currently 10 species with validly published names in the genus Thiomicrospira ( Fig. 1a) , showing considerable metabolic and morphological diversity. Closely affiliated to this genus on the basis of 16S rRNA gene sequences are the monospecific genus Hydrogenovibrio (H) [2] , comprising one hydrogen-oxidizing chemolithoautotroph (which also uses sulfur species) and the genus Thioalkalimicrobium (Tam) [3] , also referred to for a time as 'Thialkalimicrobium', comprising several obligately alkaliphilic sulfur-oxidizing chemolithoautotrophs. On the basis of the 16S rRNA (rrs) gene (as shown in Fig. 1a ), the genus Thiomicrospira currently falls into three cladesfor the purposes of this study, we refer to them as 'Clade A' [Tms. pelophila (type species), Tms. thyasirae, Tam. aerophilum (type species), Tam. microaerophilum, Tam. cyclicum and Tam. sibiricum], 'Clade B' (Tms. frisia, Tms. chilensis, Tms. arctica, Tms. psychrophila) and 'Clade C' [Tms. thermophila, Tms. crunogena, Tms. kuenenii and H. marinus (type species)]. As can be seen from Fig. 1(a) , there is considerable phylogenetic distance between Clade A and Clade B or Clade C (e.g. 16S rRNA gene sequence identity for Tms. pelophila to Tms. arctica, 92.9 %, and to Tms. crunogena, 92.1 %), and members of the genus Thioalkalimicrobium are more closely related to the type species of Thiomicrospira than are members of Clade B or Clade C (gene sequence identities of Tms. pelophila to Thioalkalimicrobium species range from 95.9 to 97.3 %). As such, here we evaluate the taxonomy and systematics of Thiomicrospira, Hydrogenovibrio and Thioalkalimicrobium using a polyphasic approach to rationalize species and to circumscribe a new genus, Thiomicrorhabdus gen. nov. We also expand Hydrogenovibrio to circumscribe other species, currently regarded as Thiomicrospira species. Furthermore, we also confirm that Thioalkalimicrobium is not distinct from Thiomicrospira and thus reclassify all four species to Thiomicrospira. Accordingly, we provide emended descriptions of Thiomicrospira and Hydrogenovibrio and of Tms. thyasirae.
Two principal phylogenetic analyses were performed - Fig. 1(a) shows a maximum-likelihood tree (Tamura-Nei model) of 16S rRNA genes from species of the three genera considered here, restricted to type strains of species with validly published names, using that from Galenea microaerophila P2D T , also from the Piscirickettsiaceae, as the outgroup. Fig. 1(b) shows additionally Thiomicrospira and Hydrogenovibrio strains for which genome sequences are publically available in the Integrated Microbial Genomes (IMG) database, based on the first complete 16S rRNA gene identified in their genome (a full list of Genome IDs is given in Table 1 ). Fig. 2 shows unrooted maximum-likelihood trees of amino acid sequences derived from 53-gene concatamers comprising ribosomal protein genes, concatenated using the ribosomal multilocus sequence typing (rMLST) platform [4] . Genes used were rpsA-rpsU, rplA-rplF, rplL-rplX and rpmA-rpmJ, with full details and rationale given by Jolley et al. [4] . This latter tree comprises sequences only from organisms for which a whole-genome sequence is present in a public database (curated in Table 1 , with their origins of isolation where known), and thus does not represent all species in Fig. 1(a) . The concatamers in Fig. 2 and the genes in Fig. 1 were aligned using the MUSCLE algorithm [5] in MEGA 7.0.2 [6] and trees were built using the maximum-likelihood algorithm using either the Tamura-Nei model (DNA, [7] ) or the Jones-Taylor-Thornton model (amino acids, [8] ). Bootstrap values at nodes represent 5000 resamplings of each tree and are given where !70 %. The three clades mentioned as evident in Fig. 1 are reflected in the overall topology of the 53-gene concatamer trees shown in Fig. 2 Fig. 1 . Maximum-likelihood trees based on the 16S rRNA (rrs) gene from Thiomicrospira, Thioalkalimicrobium and Hydrogenovibrio species. Genes were aligned using MUSCLE in MEGA 7.0.20 and trees were built using the Tamura-Nei model with the nearest-neighbour interchange (NNI) heuristic method and partial deletion of gaps. Topologies with the superior log-likelihoods are shown, with numbers at nodes representing the percentage of 5000 bootstrap replicates for which that topology was preserved (values <70 % are omitted). Galenea microaerophila P2D T was used as the outgroup. GenBank or IMG gene accession numbers are given in parentheses. Bars, 0.01 substitutions per site. In total, 1360 bases were used in each analysis. Type species of genera are in bold type. (a) 16S rRNA gene phylogeny of species with validly published names and the three clades used in this study. Fig. 1(b fractions vary greatly across the organisms here, use of amino acyl sequences effectively allows for that variable), showing that the 16S rRNA gene phylogeny is probably a reliable reflection of the speciation and of relationships.
Functional gene comparisons were made using 'housekeeping' genes encoding DNA gyrase (EC 5.99.1.3) subunit B (gyrB), the DNA repair protein (previously 'recombinase A') RecA (recA) and the F 1 -sector of the two-sector proton translocating ATPase (EC 3.6.3.14) beta subunit (atpD). We have also used the ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO, EC 4.1.1.39) genes encoding subunits of two variants of the enzymenamely the large subunit of form IA RuBisCO (cbbL) and form II RuBisCO (cbbM) -the holoenzyme of form IA contains eight CbbL and eight CbbS subunits; that of form II is formed of dimers of CbbM subunits, which are evolutionarily related to CbbL from form IA. Form IA can be subdivided into form IAc (carboxysome-associated) and form IAq (cytoplasmic, [9] [10] [11] ). It is worth noting that not all RuBisCO forms are represented in all of the organisms studied herein; indeed some have all types, some have none.
It can be seen from Fig. 1 (b) that genome-sequenced strains JR2, XS5 and MA2-6 (=DSM 13155) are probably all strains of Tms. thermophila (16S rRNA gene sequence identities to Tms. thermophila I78 T : 100.0, 99.0 and 100.0 %, respectively); XCL-2 is a strain of Tms. crunogena (16S rRNA gene sequence identity to Tms. crunogena ATCC 35932 T : 99.8 %) and Kp2 is a strain of Tms. frisia (16S rRNA gene sequence identity to Tms. frisia JB-A2 T : 99.5 %). Using in silico DNA-DNA hybridization (dDDH) for strains with genome sequences available, we can confirm that JR2 and MA2-6 are strains of the same species (70.60 % hybridization). The other genome sequence strains could represent novel taxa and are thus considered at the end of this study.
Phylogenetic trees showing derived amino acid sequences from gyrB, recA and atpD are given in Fig. 3 and the RuBisCO trees (CbbL and CbbM) are given as Figs S1 and S2, available in the online Supplementary Material, respectively. It can be seen that GyrB and RecA trees give good agreement with both the 16S rRNA gene and the 53-gene concatemer trees in terms of the overall topology, and all place Thioalkalimicrobium species and Tms. pelophila together, in a well-supported clade. The AtpD tree shows a different overall topology for Clades B and C but gives Clade A as a single group, as per RecA and GyrB. These data together with the 16S rRNA gene sequence identities being greater than the Yarza et al. [12] proposed cut-offs for higher taxonomic ranks indicate that Thioalkalimicrobium species and Thiomicrospira sensu stricto (namely Tms. pelophila and Tms. thyasirae) fall within the same genus (16S rRNA gene sequence identities of Thioalkalimicrobium species to Tms. pelophila are 95.9-97.3 %, as given in Table 2 ). Since Thiomicrospira (1972) takes priority over Thioalkalimicrobium (2001), we propose on this basis that this genus be named Thiomicrospira in accordance with the Code and that the four Thioalkalimicrobium species be circumscribed as Thiomicrospira species, with Tms. pelophila remaining as the type species and corrigendum of specific epithets of Thioalkalimicrobium species to change gender from neuter to feminine to match the gender of Thiomicrospira. This is reinforced by phenotypic properties in common, namely the presence of carboxysomes (c. 70 % of species); growth rates on thiosulfate of 0.22-0.33 h À1 (75 % of species); rod to vibrioid morphology, which curves or spirals with stress, age or growth rate; sodium chloride maxima of c. 1200 mM; and DNA G+C fractions of 45.6-49.6 mol%. The last of these falls well within the range of about 10 mol% difference, within which most genera fall and within the range of 5 mol % difference within which many species fall [13] .
The question then stands regarding if the four Thioalkalimicrobium species are indeed members of one species on the basis of their highly similar 16S rRNA genes (identity >97 %) and G+C fractions; however, average nucleotide identities (ANIs) of the genome sequences of Tms. pelophila versus Thioalkalimicrobium species are 73.13-74.02 %, far lower than the proposed ANI cut-off of 95 % for members of the same species [14] , which indicates that they thus belong to separate species. From in silico dDDH using the genome-to-genome distance calculator of the DSMZ (GGDC v. 2.1, BLAST+ alignment method and taking data from Formula 2, as recommended [15] ), this reinforces the ANI data, with dDDH values for Thioalkalimicrobium species to one another falling at or below 21.60 % -this being far below the 70 % cut-off above which members of the same species will typically fall. Full dDDH data are included in Table S1 .
It is worth noting that the in vitro determinations of G+C fractions for Thioalkalimicrobium species as reported in previous studies (Table 2 ) are very close (48.9-49.6 mol%), but the in silico values obtained by us from genome sequence data are 45.55-46.98 mol%, much more similar to Tms. pelophila (45.7 mol% in vitro, 44.46 mol% in silico), further evidencing their similarity as one genus. All members of this genus studied contain form IAc RuBisCO genes and Tms. pelophila also contains form II RuBisCO, but no members have form IAq RuBisCO, which implies that they all indeed use carboxysomes.
It can be seen from both the 16S rRNA gene tree ( Fig. 1a ), a gene sequence identity of 100 % and G+C fractions that are near identical (45.6 and 45.7 mol%) that Tms. thyasirae is very similar to Tms. pelophila and the question has been raised previously regarding its validity as a separate species [16] . It is worth noting that in Brinkhoff and colleagues' study, they could not reproduce the heterotrophic growth of Tms. thyasirae (sensu DSM 5322 T ) originally reported [17] , previously 'Thiobacillus thyasiris' [sic.] [18] , nor could they find evidence of ubiquinone-10 as the dominant quinone as reported Unrooted maximum-likelihood tree of amino acid sequences derived from 53 ribosomal protein genes extracted from wholegenome sequences publically available in the IMG database and concatenated at DNA level using the rMLST platform, then translated and aligned using MUSCLE in MEGA 7.0.20. The tree was built using the Jones-Taylor-Thornton model with the NNI heuristic method and partial deletion of gaps. The topology with the superior log-likelihood is shown, with numbers at nodes representing the percentage of 5000 bootstrap replicates for which that topology was preserved (values <70 % are omitted). As 53 genes were used for each taxon, gene accession numbers are omitted but Genome ID numbers for each organism are given in Table 1 originally, and found ubiquinone-8 only. While Tms. pelophila was isolated from tidal mud off the Frysian Islands, Netherlands [1] , Tms. thyasirae was isolated from the gill tissue of Thyasira flexuosa Montagu (a salt-water clam), in turn obtained from marine sediments off Jennycliff, in the Plymouth Sound, UK. Tms. thyasirae was found to comprise short rods that elongated into spirals with age or stress [17] , similar to Tms. pelophila, but could grow heterotrophically [18] and contained carboxysomes during mixotrophic growth on thiosulfate and acetate in continuous culture [19] , in which cells were rod-shaped. However, the clearly very closely related Tms. pelophila does not ordinarily contain carboxysomes [20] , although its genome sequence contains a carboxysome operon with the canonically carboxysome-associated form IAc RuBisCO, as do other Pisciricketsiaceae isolates such as Tms. crunogena XCL-2 [21] . We have obtained personal communications of the full history of Tms. thyasirae strains, from the original authors, which are included in the Supplementary Information and from these we conclude that Tms. thyasirae DSM 5322 T and Tms. thyasirae TG-2 T were identical but that a small, similarly shaped heterotrophic consort became present as a low-level undetected contaminantperhaps from the Alphaproteobacteria given its production of ubiquinone-10 (verified as the dominant respiratory quinone by spectrophotometric assay of spots eluted from repeated chromatograms, A. P. Wood, personal communication). The presence of carboxysomes in Tms. thyasirae we deem valid, along with the pleomorphy, but take the view of Brinkhoff et al. [16] that this species produces ubiquinone-8. It is worth noting that Wood and Kelly originally reported heterotrophic growth of this strainnot observed in other members of Thiomicrospira sensu Clade Abut this was not found in studies of DSM 5322 T by Brinkhoff et al. [16] . Wood (personal communication) has reported to us that this strain only grew heterotrophically on a small range of carbon sources (cellobiose, acetate or yeast extract) after significant periods of incubation of thiosulfate-grown inoculum in basal salts supplemented with, for example, cellobiose, much as had previously been demonstrated by the same team with Paracoccus versutus ('Thiobacillus A2' or 'Thiobacillus versutus') both growing on methanol and fixing carbon-14 from [ 14 C]methanol only after 2-3 weeks of incubation using a thiosulfate-grown inoculum [22, 23] . Whilst Tms. pelophila is motile (described [1] as apparently monotrichous, but platinum-shadowed electron micrographs [1, 16] neutrality [16] , whilst Tms. pelophila has an obligate requirement for vitamin B 12 , whereas Tms. thyasirae does not. These data make it difficult to rule out a significant metabolic difference between the two species and thus DNA-DNA hybridization and/or genomic studies are needed to ascertain their relationship. At this stage, we have emended the description of Tms. thyasirae, as regards quinone, carboxysome and fatty acid production (with data from the literature [16, 19, 24] [25] , the two genome sequenced strains that are probably strains of this species (JR2 and MA2-6) do not contain the genes encoding canonical diazotrophy, i.e. the molybdenum-iron (nif) or vanadium (vnf) nitrogenasesas such, this property of the genus probably requires further scrutiny to rule out the possibility of growth on dissolved nitrogen compound 'carry over' from the inoculum, or of atmospheric ammonia dissolving in slightly acidic media and providing a source of dissolved nitrogen, as has been previously observed as a source of error when determining diazotrophy in acid-producing chemolithoautotrophic bacteria (e.g. by Mackintosh [26, 27] ).
Clade B is supported fully by 16S rRNA, 53-gene concatamer, GyrB and RecA trees and partially by the AtpD tree. This clade also shows a large distance from Tms. pelophila, with 16S rRNA gene sequence identities of 91.6-92.9 %, again falling below the Yarza cut-off for genus but above that for family, and thus indicating that this clade should be circumscribed as a separate genus in the same family as Thiomicrospira, for which we propose the name Thiomicrorhabdus gen. nov., with Tms. frisia (Tmr. frisia gen. nov., comb. nov.) taking priority as the type species of this new genuswe have selected this genus name to accurately describe members of this clade whilst retaining the feminine gender to avoid corrigendum of specific epithets in an effort to retain at least some continuity from the old taxonomy to the new! The circumscription of this clade as a genus is supported by G+C contents in the range 39.6-49.9 mol% (in vitrothe in silico values are 41.9-48.9 mol%), a uniform rod-shaped morphology without pleomorphy, motility by a monotrichous flagellum, production of elementary sulfur from thiosulfate at neutrality by all species, maximum salt concentrations of 1240 mM and a dominance of palmitoleic (C 16 : 1 ) and vaccenic (C 18 : 1 ) acids in the fatty acid fraction. Forms IAc and/or IAq and Form II RuBisCO are found in this group, again implying carboxysomes are not in use by all species.
From the genome sequenced strains considered in Fig. 1(b) and Fig. 2 , strain Milos-T2 (=DSM 13229, [28] ) could represent a novel species of Thiomicrorhabdus (16S rRNA gene sequence identity to Tmr. frisia gen. nov. comb. nov. is 97.7 %) and strain Milos-T1 (=DSM 13190, [28] ) represents a novel species of Hydrogenovibrio (16S rRNA gene sequence identity to H. kuenenii comb. nov. is 95.9 %). Strain WB1 could represent a novel species of Hydrogenovibrio (16S rRNA gene sequence identity to H. halophilus HL 5 T : 97.4 %). It is of course the case that significant physiological and chemotaxonomic studies and deposit into two international culture collections are required to be able to validly publish names for these strains, so we cannot state more than this at this time.
CONCLUSIONS AND RECOMMENDATIONS
We propose the reclassification of eight species of Thiomicrospira that have validly published names since they do not phylogenetically fall within the genus Thiomicrospira and have different but consistent morphologies and physiologies. As Clade A contains the type species Properties are as given by Brinkhoff et al. [29] . Basonym Thiomicrospira frisia.
Type species of the genus Thiomicrorhabdus.
The type strain is JB-A2 T (=ATCC 700878 T =DSM 12351 T ).
DESCRIPTION OF THIOMICRORHABDUS CHILENSIS COMB. NOV.
Thiomicrorhabdus chilensis (chi.len¢sis. N.L. fem. adj. chilensis of or pertaining to Chile, South America, from where the organism was obtained).
Properties are as given by Brinkhoff et al. [30] . Basonym Thiomicrospira chilensis.
The type strain is Ch-1 T (=ATCC 700858 T =DSM 12352 T ).
DESCRIPTION OF THIOMICRORHABDUS
ARCTICA COMB. NOV.
Thiomicrorhabdus arctica (arc¢ti.ca. L. fem. adj. arctica northern, arctic, and by extension the Arctic, referring to the site of isolation).
Properties are as given by Knittel et al. [31] . Basonym Thiomicrospira arctica.
The type strain is SVAL-E T (=ATCC 700955 T =DSM 13458 T ). Properties are as given by Brinkhoff et al. [29] , with the addition that carboxysomes are observed. Basonym Thiomicrospira kuenenii.
DESCRIPTION OF
The type strain is JB-A1 T (=ATCC 700877 T =DSM 12350 T ). The type species is Thiomicrospira pelophila [1] , isolated from marine mud of the Wadden Sea, off the coast of the Frysian Islands, Netherlands.
DESCRIPTION OF THIOMICROSPIRA AEROPHILA COMB. NOV.
Thiomicrospira aerophila (a.e.ro¢phi.la. Gr. n. aer air; N.L. adj. phila from Gr. adj. philos friend, someone dearly loved; N.L. fem. adj. aerophila air-loving).
Properties are as given by Sorokin et al. [3] . Basonym Thioalkalimicrobium aerophilum.
The type strain is AL 3 T (=CBS 100465 T =DSM 13739 T ).
DESCRIPTION OF THIOMICROSPIRA CYCLICA COMB. NOV. Properties are as given by Sorokin et al. [34] . Basonym Thioalkalimicrobium cyclicum.
The type strain is ALM 1 T (=DSM 14477 T =JCM 11371 T ).
DESCRIPTION OF THIOMICROSPIRA MICROAEROPHILA COMB. NOV.
Thiomicrospira microaerophila (mi.cro.a.e.ro¢phi.la. Gr. adj. mikros small; Gr. n. aer air; N.L. adj. phila from Gr. adj. philos friend, someone dearly loved; N.L. fem. adj. microaerophila loving low air concentrations, referring to low oxygen preference).
Properties are as given by Sorokin et al. [35] . Basonym Thioalkalimicrobium microaerophilum.
The type strain is ASL8-2 T (=DSM 17327 T =UNIQEM U242 T ).
DESCRIPTION OF THIOMICROSPIRA SIBIRICA COMB. NOV.
Thiomicrospira sibirica [si.bi¢ri.ca. N.L. fem. adj. sibirica pertaining to Siberia (region of north-eastern Asia, the name coming from Sibir, ancient Tartar fortress at the Tobol-Irtysh confluence)].
Properties are as given by Sorokin et al. [3] . Basonym Thioalkalimicrobium sibiricum.
The type strain is AL 7 T (=DSM 13740 T =NCCB 100000 T ).
EMENDED DESCRIPTION OF THIOMICROSPIRA THYASIRAE (WOOD AND KELLY, 1995)
Thiomicrospira thyasirae [thy.a.si¢rae. N.L. gen. n. thyasirae pertaining to Thyasira (a genus of the bivalve mollusc family of the Thyasiridae), referring to Thyasira flexuosa Montagu, the source of isolation].
Properties are as given by Wood and Kelly [17] with the exceptions that the species produces ubiquinone-8 as the dominant respiratory quinone, and does not produce ubiquinone-10 in detectable amounts. Produces vaccenic (C 18 : 1 ), stearic (C 18 : 0 ), palmitoleic (C 16 : 1 ), palmitic (C 16 : 0 ) and myristic (C 14 : 0 ) acids as the dominant fatty acids when grown mixotrophically on thiosulfate with acetate. Grows heterotrophically only after long incubations of thiosulfate-grown cells in media with multicarbon compounds as the sole carbon source.
The type strain is TG-2 T (=ATCC 51452 T =DSM 5322 T ).
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